Molecular basis of univariance and trichromacy
The photopigments that absorb light and initiate visual sensation reside in the outersegments of the cone and rod photoreceptors, which carpet the retinal surface of the eye. The photopigments are made up of a transmembrane opsin, a G protein-coupled receptor protein, made up of a sequence of amino acids, to which is bound the lightsensitive chromophore, 11-cis-retinal. The properties of our color vision depend critically on the initiating step of vision, which occurs when a photon is absorbed and isomerizes the chromophore from its 11-cis form to its all-trans form activating the opsin and triggering the phototransduction cascade [for review, see Ref. 8 ] .
Two aspects of photoisomerization are significant for color vision. First, the absorption of a photon is an allor-nothing event that triggers the same response regardless of photon wavelength. Consequently, once absorbed, all information about wavelength is lost, so that the response is univariant [9] or color-blind: light intensity and wavelength are confounded in the photoreceptor output. Second, the probability that a photon is absorbed depends on how closely its energy matches the optimal energy for the isomerization. This optimal energy varies with cone type because of differences in key amino acids in parts of the opsin molecule that surround the chromophore. These key amino acids modify the isomerization energy and thus shift the spectral sensitivity [10] .
Having three univariant, color-blind cone types with different spectral sensitivities means that lights are represented by just three values: the three cone responses. Pairs of lights that produce the same three cone responses must therefore completely match and will appear identical (i.e. they will be 'metameric') whatever their wavelength composition. In terms of color matching, this means that the color of any 'test' light can be matched by mixing together three other 'primary' lights. (The matches require that the primaries be independent-in the sense that no two of the primaries can match the third, and that one of the primaries typically has be added to the test light to complete the match). The intensities of the three primary lights required to match test lights as a function of test wavelength define the three color matching functions (CMFs), often defined for matches to test lights of equal energy. The upper left inset of Figure 1 illustrates a typical color matching experiment in which a test light of variable wavelength (l) is matched to three primaries, in this case, of 645, 526, and 444 nm. The left-hand graph shows the corresponding red, green, and blue 'large-field' CMFs measured by Stiles and Burch [11 ] for fields of 10-deg in visual diameter (the other standard size is 2-deg in diameter, which is known as 'small-field'). For large-field color matching, observers ignore the appearance of the central area of the field. Using colorimetric notation, we refer to the large-field functions here as the r 10 ðlÞ, g 10 ðlÞ, and b 10 ðlÞ CMFs. The CMFs are negative when the primary in question has to be added to the test light to complete the match, when it is known as a 'desaturating' primary. In the example shown in Figure 1 , the 645-nm primary has been added to the test light to complete the match. Desaturating primaries are needed when the test light falls outside the volume of color space bounded by the three primaries.
Color matching and cone fundamentals
Color matches are matches made at the cone level that depend on the spectral sensitivities of the L-cones, Mcones and S-cones. These spectral sensitivities are known as the fundamental CMFs, and in colorimetric notation as lðlÞ, mðlÞ, and sðlÞ. The color-matching primary lights that underlie the three fundamental CMFs are imaginary lights that would uniquely stimulate each of the three cones. Note that the fundamental cone spectral sensitivities express the sensitivity of the cones in terms of the light entering the eye and are thus different from the sensitivities expressed in term of the light captured by the cones themselves, primarily because of spectral filtering by the lens and macular pigment between the cornea and retina.
88 Visual perception Tristimulus value The upper left inset illustrates a color matching experiment, in which a monochromatic test field of wavelength, l, is matched by a mixture of red (645 nm), green (526 nm), and blue (444 nm) primary lights, one of which, in this example the red, must be added to the test field to complete the match. The left-hand graph labelled RGB shows the r 10 ðlÞ, g 10 ðlÞ, and b 10 ðlÞ CMFs (red, green, and blue lines, respectively), which give the amounts of each of the three primaries required to match monochromatic lights across the visible spectrum. These CMFs were measured using 10-deg diameter targets by Stiles and Burch [11 ] . A negative sign means that that primary must be added to the target to complete the match. CMFs can be linearly transformed from one set of primaries to another and to the fundamental primaries (bi-directional arrows). The upper righthand graph shows the CIE l 10 ðlÞ, m 10 ðlÞ, and s 10 l ð Þ 10-deg cone fundamental CMFs, and the lower right-hand graph shows the CIE x 10 ðlÞ, y 10 ðlÞ, and z 10 ðlÞ 10-deg CMFs (red, green, and blue lines, respectively). The arrows highlighted in red are the transformations that are defined as part of the CIE standard (see text).
All sets of CMFs, whether for real or imaginary primaries, must be a linear transformation of these fundamental CMFs-as indicated by the bidirectional arrows in Figure 1 . The upper right-hand graph shows the CIE 2006; 2015 large-field l 10 ðlÞ, m 10 ðlÞ, and s 10 ðlÞ CMFs and the lower right-hand graph the large-field x 10 ðlÞ, y 10 ðlÞ, and z 10 ðlÞCMFs. The red arrows are the linear transformations defined in the CIE standard: arrow (a) corresponds to Eq. (3), below, and arrow (b) to Eq. (5). The xðlÞ, yðlÞ, and zðlÞ CMFs were an invention of the CIE in 1931 that used imaginary primaries to form a color volume that was larger than the volume of real lights. Thus, real lights always map onto positive values of xðlÞ, yðlÞ, and zðlÞ [as they must also do, of course, for lðlÞ, mðlÞ, and sðlÞ]. For these linear transformations to be valid, color matching must be linear and additive. Tests of linearity and additivity are embodied in Grassmann's Laws, which have been tested extensively and hold well [12] [13] [14] [15] .
Until the report of technical committee TC 1-36 in 2006, the CIE had been reluctant to sanction a set of fundamental CMFs, preferring instead to define color matches as rðlÞ, gðlÞ, and bðlÞ or xðlÞ, yðlÞ, and zðlÞ.
The standardization of the cone fundamentals requires the definition of yjr linear transformation from a known set of CMFs, such as r l ð Þ, gðlÞ, and bðlÞ, to lðlÞ, mðlÞ, and sðlÞ, thus:
where l R , l G , and l B are, respectively, the L-cone sensitivities to the R, G and B primary lights, and similarly m R , m G , and m B s R , s G , and s B are the analogous M-cone and Scone sensitivities. (Since the S-cones are insensitive in the long-wavelength part of the spectrum, it can be assumed that s R is zero.) Given that we need only define the relative shapes of lðlÞ, mðlÞ, and sðlÞ, this simplifies to:
where the absolute values of k l , k m , and k s remain unknown, but are typically chosen to scale the three functions in some way; for example, so that k l lðlÞ, k m mðlÞ, and k s sðlÞ peak at unity. To specify the cone fundamentals, therefore, we need at a minimum to know the relative spectral sensitivities of the cones to the R, G, and B primaries (or X, Y, Z primaries).
A common approach to recovering the unknowns in the above equations has been to measure the three cone spectral sensitivities, lðlÞ, mðlÞ, and sðlÞ, directly. However, such measurements are complicated by the overlap of the three cone spectral sensitivities across the visible spectrum (see Figure 2 ). To measure the cone sensitivities separately requires the use of either special conditions of adaptation [e.g. Refs. [16] [17] [18] or color deficient observers who lack one or two of the normal cone types [e. g. Refs. 1 ,19 ]. Stockman and Sharpe [1 ] used spectral sensitivity data measured in nine protanopes, who lack L-cones, twenty-two deuteranopes, who lack M-cones, and three S-cone monochromats, who lack both M-cones and L-cones [20 ,21] to determine the unknowns in Eq. (2). Importantly, all their observers had been genotyped, and the male deuteranopes and protanopes were chosen so that they had only a single opsin gene on their X chromosome (and therefore had only one longer wavelength cone photopigment). Consequently, the cone photopigments in their observers were all known.
Another critical issue in defining the cone fundamentals is the choice of the rðlÞ, gðlÞ, and bðlÞ CMFs from which lðlÞ, mðlÞ, and sðlÞ should be linearly transformed. In principle, any set should suffice, but in practice the available data sets vary considerably in quality. In particular, the widely used CIE 1931 2-deg CMFs [22] are entirely unsuitable, because they were reconstructed from relative color matching data [23, 24] The CIE 2-deg and 10-deg cone fundamentals [4 ] proposed by Stockman and Sharpe [1 ] are arguably the most secure estimates of the mean normal human cone spectral sensitivities available for modelling human color vision being based on observers of known genotype. They follow a long history of cone spectral sensitivity estimates, the first plausible estimates of which were obtained in the 19th century by König and Dieterici [27] (shown as symbols in Figure 2 ). Notable estimates since then include those by Bouma [28] , Judd [29, 30] , Wyszecki and Stiles [31 ] , Vos and Walraven [32] , Vos [33] , Estévez [34] , Vos et al. [35] , and Stockman et al. [36] . Until recently, the estimates by Smith and Pokorny [19 ] have been widely used in science and vision research as a de facto standard. However, they were based on the flawed CIE 1931 CMFs that were then corrected by Judd [37] and then by Vos [33] to improve their performance at short wavelengths. Unfortunately, because the corrections that were applied were arbitrarily restricted to wavelengths shorter than 460 nm, the Smith and Pokorny cone fundamentals are implausible in that spectral region. Figure 2 shows the Smith and Pokorny estimates as dashed lines and for historical context the estimates by König and Dieterici as symbols. For the L-cone and M-cone fundamentals, the discrepancies between the more modern fundamentals are found mainly at shorter wavelengths where the Smith and Pokorny functions are flawed; the discrepancies between the S-cone fundamentals are more extensive. The effects of such discrepancies on color prediction have become more important in recent years because of the use of lights with narrow-band spectral components.
Cone fundamentals and luminance
Photometry and colorimetry were artificially linked in the CIE 1931 standard because V(l) was used to reconstruct the 1931 CMFs (see above). Linking V(l) [or yðlÞ] to the cone fundamentals (but not using it to define them) remains convenient and useful not just for photometry 
Cone fundamentals and XYZ
By making a few further simple assumptions, the cone fundamentals, lðlÞ, mðlÞ, and sðlÞ, can be linearly transformed to the familiar colorimetric variants: xðlÞ, yðlÞ, and zðlÞ-a form still in common use in applied areas of research [5 ] . The new derivations of yðlÞ and y 10 ðlÞ were introduced in the previous section. zðlÞ and z 10 ðlÞ are simply scaled versions of sðlÞ and s 10 ðlÞ, respectively, while xðlÞ and x 10 ðlÞ were chosen for consistency with the earlier CIE CMFs. 
Individual differences
The CIE standards are useful for modelling color vision for observers with mean normal cone and mean normal V (l) spectral sensitivities. But users of the standards should be aware that individual differences will affect the predictions for individual observers. Individual differences occur in the density of the pigment in the lens, in the density of macular pigment at the fovea, and in the axial optical density of the photopigment in the photoreceptor. As well as differing between individuals, the last two vary with retinal eccentricity, and should be adjusted when predicting the cone spectral sensitivities for target sizes and eccentricities different from the standards. Adjustments for macular and lens pigments densities are incorporated within the CIE standard [4 ] . How to adjust for variations in photopigment optical density is described in Stockman and Sharpe [6 ] and Brainard and Stockman [7] .
Variations in the spectral positions of the L-cone and Mcone photopigments are also common because of hybrid (mixed) L-cone and M-cone photopigment opsin genes, which are fusion genes produced by intragenic crossing over and thus contain the coding sequences from both Lcone and M-cone pigment genes [for review, see Refs. 40 ,41 ] . Both in vitro [42, 43] and in vivo [e.g. Refs. 20 ,44] measurements of the absorbance spectrum peaks of the hybrid pigments reveal a wide range of possible anomalous pigments lying between the normal L-cone and M-cone pigments [see Table 1 of Ref. 45 ]. In addition, smaller shifts occur within the normal population, because of different polymorphisms (commonly occurring allelic differences) of the M-cone and L-cone photopigment opsin genes. The most frequently observed polymorphic-induced shift (c. 3 or 4 nm) occurs in the L-cone photopigment when alanine replaces serine at position 180 of the L photopigment opsin gene. The CIE L-cone fundamental incorporates a mix of these two polymorphisms [1 ] . How to adjust for variations in photopigment spectral position is also described in Stockman and Sharpe [6 ] and Brainard and Stockman [7] .
